Pancreatic cancer is one of the most difficult cancers to cure due to the lack of early diagnostic tools and effective therapeutic agents. In this study, we aimed to isolate new bioactive compounds that effectively kill pancreatic ductal adenocarcinoma (PDAC) cells, but not untransformed, human pancreatic ductal epithelial (HPDE) cells. To this end, we established four primary PDAC cell lines and screened 4141 compounds from four bioactive-compound libraries. Initial screening yielded 113 primary hit compounds that caused over a 50% viability reduction in all tested PDAC cells. Subsequent triplicate, dose-dependent analysis revealed three compounds with a tumor cell-specific cytotoxic effect. We found that these three compounds fall into a single category of thiopurine biogenesis. Among them, 6-thioguanine (6-TG) showed an IC 50 of 0.39-1.13 lM toward PDAC cells but had no effect on HPDE cells. We propose that this cancer selectivity is due to differences in thiopurine methyltransferase (TPMT) expression between normal and cancer cells. This enzyme is responsible for methylation of thiopurine, which reduces its cytotoxicity. We found that TPMT levels were lower in all four PDAC cell lines than in HPDE or Panc1 cells, and that knockdown of TPMT in HPDE or Panc1 cells sensitized them to 6-TG. Lastly, we used a patient-derived xenograft model to confirm that 6-TG has a significant antitumor effect in combination with gemcitabine. Overall, our study presents 6-TG as a strong candidate for use as a therapeutic agent against PDAC with low levels of TPMT.
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Introduction
Despite the recent advances in surgical techniques and other treatment strategies, pancreatic cancer remains a cancer type with the lowest 5-year survival rate (He and Yuan, 2014; Kim, 2008) . The reasons for such poor prognosis include late diagnosis, which makes only 20-25% of the cases operable (Jutric and Melstrom, 2017) , as well as fewer options for chemotherapy owing to the refractoriness of pancreatic ductal adenocarcinoma (PDAC) cells toward anticancer drugs (Rajabpour et al., 2017) . Moreover, there is a desmoplastic reaction, which means accumulation of the extracellular matrix along with activated (fibrotic) stellate cells (Bahrami et al., 2017) , resulting in a barrier to drug delivery (Lunardi et al., 2014) . Despite these challenges, there are newly developed therapeutic options, including FOLFIRINOX and Paclitaxel-Nab, that have shown progress in chemotherapy (Sohal et al., 2016) . Yet, there is a desperate need for an effective therapeutic agent to extend the survival of more patients with PDAC.
Drug-repositioning screening has been increasingly performed to identify therapeutic agents for complex diseases (Li and Jones, 2012) because of the high cost and long time required for the development of novel therapeutic agents. For pancreatic cancer, ritonavir, an HIV inhibitor, was identified as an antitumor agent inhibiting cell cycle progression (Batchu et al., 2014) . Recently, bazedoxifene, which is approved as an estrogen modulator, was revealed as an anti-GP130 signaling agent that can inhibit pancreatic cancer cell growth (Wu et al., 2016) . Although these findings reveal novel therapeutic agents based on the cytotoxicity to PDAC cells, often these drugs exert toxicity toward normal cells. Moreover, these novel candidates have usually been screened on human PDAC cell lines such as BxPC-3, MIA PaCa-2, and PANC-1. Considering the heterogeneity of PDAC (Iovanna and Dusetti, 2017) , there is a need to apply drug repositioning to other PDAC cell lines including primary cells.
Here, we describe a drug-repositioning screening involving four primary PDAC cell lines and human pancreatic ductal epithelial (HPDE) cells as a normal cell control. We aimed to find a candidate that exerts superior cytotoxicity toward cancer cells than toward healthy cells. As a result, we suggest thiopurine analogs as such candidates. 6-TG seems to be a PDACspecific antitumor agent, and we confirmed its efficacy in a patient-derived xenograft model.
Materials and methods

Cell culture and transfection
Human pancreatic cancer cell lines (Panc1, Mia-Paca2, and BxPC3) were obtained from ATCC. They were maintained in DMEM containing 10% of FBS and 1% of a penicillin/streptomycin solution (Hyclone, Logan, UT, USA 
Derivation of primary culture
Primary cancer cells were isolated from a tumor of a patient and were used to set up a xenograft model. The experiments were undertaken with the understanding and written consent of each subject. The study methodologies conformed to the standards set by the Declaration of Helsinki and were approved by the ethics committee in Asan Medical Center, Seoul, South Korea. Fresh tumor tissue was minced into 1-to 2-mm pieces using sterile scissors, a scalpel, and forceps. For tissue digestion, the tissue pieces were placed in a 15-mL conical tube with 3-5 mL of RPMI 1640 medium (PAN Biotech, Aidenbach, Bavaria, Germany) containing 5% FBS (PAN Biotech), 1% of the penicillin/streptomycin solution (Hyclone), 20 lgÁmL À1 collagenase Type III (SigmaAldrich, Oakville, ON, Canada), and 840 ngÁmL À1 Fungizone TM (Gibco, Thermo Fisher Scientific). Tissues were kept for 2 h in a 37°C shaking incubator. After incubation, the digested tissue pieces were washed with the RPMI 1640 medium and centrifuged at 800 r.p.m. for 3 min, three times. 
2nd confirmation screening
The primary hit compounds selected from primary screen were retested at 1-and 5-lM concentrations. Every step used for evaluation of survival rates was performed as per the primary screening protocol.
Determination of IC 50 values
Cell viability was evaluated using Ezcytox. The data were defined as (mean 6-TG-treated A 450 À blank)/ (mean untreated control A 450 À blank) 9 100 and analyzed. The IC 50 values were determined with the PRISM software.
In vivo drug efficacy test
The animal experiments were performed in accordance with the Length (L) and width (W) of a tumor were measured using calipers, and tumor size was calculated as follows:
Annexin V/propidium iodide staining and FACS analysis
Pancreatic cancer primary cells were seeded in six-well plates at 50-60% confluence and harvested following treatment with 6-TG (1 lM) for 48 h. After 48 h, cells were harvested and stained according to the protocol of the FITC-Annexin V Apoptosis Detection kit (BD Biosciences, Franklin Lakes, NJ, USA). The percentage of apoptotic cell population was detected by Accuri Flow Cytometry (BD Biosciences) and calculated using the CFLOW software (National Institutes of Health, Bethesda, MD, USA).
Species-specific PCR
The genomic DNA (gDNA) was extracted from the tumor tissue using the phenol-chloroform method. DNA concentrations were measured on a NanoDrop. Expression level was analyzed by PCR using human-and mouse-specific primer pairs (Alcoser et al., 2011) . PCR products were separated by agarose gel electrophoresis, and relative expression was quantified using IMAGEJ (National Institutes of Health, Bethesda, MD, USA).
TCGA data analysis
Public RNA-seq data for informatic analysis were downloaded from Broad GDAC Firehouse (https:// gdac.broadinstitute.org). Average TPMT level for each type of tumor was calculated using RSEM value and visualized as a bar chart format. For PDAC, the distribution of TPMT expression is obtained from 180 samples and displayed as a dot graph, by ascending order.
Statistics
Data were analyzed by two-way ANOVA or Student's t-test and expressed as means AE standard deviation (SD).
Results
Derivation and characterization of primary PDAC culture from a fresh tumor specimen
To establish a primary culture for drug screening, we obtained a freshly dissected tumor (from Asan Medical Center, IRB No. S2013-0744-0009). Of 21 specimens tested, we were able to culture four primary cell lines. The pictures of primary cells are shown in Fig. 1A . As a normal cell control, we used HPDE cells (Fig. 1B) .
In contrast, Panc1, which is reported to be a drugresistant cell line (Anderson et al., 2002; Nguyen et al., 2003) , was added to the screening (Fig. 1B) . The genomic characteristics of the tumor specimen were described previously (Jung et al., 2016) , and other clinical features are summarized in Table S1 . Of the four primary cell clones, the 34 629 cell line showed distinct cellular morphology and molecular features, as depicted in Fig. 1C . Western blot analysis of SMAD4 and P53 (which is frequently mutated in PDAC), as well as vimentin and SMA (myoepithelial cell marker; Mace et al., 2013) , revealed that the 34 629-cell line has a stellate cell-like molecular phenotype but is not exactly the same (as shown in vimentin, Fig. 1C ). This finding was confirmed by RT-PCR analysis of matrix gene expression (Fig. S1 ). The doubling times of four primary cells selected for drug screening were comparable, measured from its growth curve (Fig. 1D ).
Primary screening identified 113 compounds of four drug libraries, effective against PDAC cells
Initial screening was performed on the four primary PDAC cells, Panc1 cell line, and HPDE. The overall scheme of the repositioning is presented in Fig. 1E , and assay procedures are summarized in Fig. 1F . Four compound libraries including the Selleckchem inhibitor library (1159 items), Prestwick chemical library (1200 items), LOPAC-1280 active compound library, and the ENZO natural product library (502 items) were subjected to the screening. We identified 113 compounds that showed cytotoxicity (see Methods) towards at least three cancer cells at 5 lM, and 68 of them showed no or weaker cytotoxic effect toward HPDE cells (group A, Fig. 2A for the raw data, Table 1 for the list). The remaining 45 compounds that showed cytotoxicity toward both HPDE and cancer cells (group B, Fig. 2B for the raw data, Table 1 for the list).
Confirmation of the first hit reveals that purine analogs selectively kill PDAC cells
As a confirmation of the initial screening, we tested the 113 compounds at 1 and 5 lM in triplicate. We sought compounds that showed significant cytotoxicity at least toward three cancer cell lines at either 1 or 5 lM, but not toward HPDE cells (Figs S2-S4 for raw data on group A, obtained from three different chemical libraries). As a result, we selected three compounds (azathioprine, mercaptopurine, and 6-thioguanine) that meet these conditions and all of them were identified as purine analogs. As shown in Fig. 2C , all three compounds manifested cancer cell-specific toxicity except for azathioprine at 1 mM. This compound is an immunosuppressive medication that has been used for the treatment of multiple sclerosis (Confavreux and Moreau, 1996) or inflammatory bowel disease including Crohn's disease (Lamers et al., 1999) . On the other hand, 6-mercaptopurine is an anticancer agent (Skipper et al., 1954) that has been used against acute lymphocytic leukemia (ALL), chronic myeloid leukemia (CML), and Crohn's disease (Present, 1989) . Similarly, 6-thioguanine is also used against acute myeloid leukemia (AML), ALL, and CML (Ruutu and Elonen, 1991) . These three compounds are in the same metabolic pathway previously described (Cara et al., 2004) , suggesting that PDAC-specific antitumor activity is closely related to purine biosynthesis. We next measured the IC 50 values of the three compounds (Fig. 2D ). In line with the previous screening results, we could not see death among HPDE cells at up to 10 lM 6-TG treatment, whereas the primary PDAC cells showed IC 50 ranging from 0.387 to 1.131 lM (Table 2) . Mercaptopurine also exerted a selective cancer cell-killing effect with one exception (cell clone 34629). Based on these results, we focused on 6-TG for further analysis.
3.4. Natural product drug candidates showed high cytotoxicity but failed to show cancer cell specificity During the screening of a natural product library, the initial screening of 502 compounds yielded 32 hits ( Table 1) , and we examined 26 of them at 1-and 5-lM doses (Fig. S5 for raw data) . Notably, many of the candidates showed high toxicity at 1 lM, leading to dramatic cell death regardless of cell type. Therefore, we measured IC 50 for 10 candidates showing high cytotoxicity, expecting some of them to exert a tumor-specific killing effect. In contrast, as Fig. S6 shows, we could not find any compound that has superior cytotoxicity toward cancer cells (Table S2 for IC 50 values).
TPMT, but not MTAP-dependent 6-TG susceptibility, explains cancer-specific cytotoxicity
As our drug-repositioning results strongly suggested thiopurines inhibit primary PDAC cell growth more efficiently compared with normal HPDE, we questioned how 6-TG, a thiopurine, implements its tumor cell-specific killing effect. One report showed that MTAP abrogates phosphoribosylation conversion of 6-TG to a toxic derivative (Munshi et al., 2014) . Interestingly, another report revealed that the p16 gene is often lost along with the MTAP gene in pancreatic cancer (Lubin and Lubin, 2009; Munshi et al., 2014) .
RT-PCR and Western blot analysis indicated that MTAP was expressed in HPDE and 34 629 cells (which showed the highest IC 50 among four PDAC cell lines; Fig. 3A,B) . Therefore, we first tested whether the expression of MTAP can confer resistance to 6-TGinduced toxicity. The transfection of MTAP small interfering RNA (siRNA) into HPDE cells showed an effective knockdown of MTAP (Fig. 3C ) but did not affect sensitivity to 6-TG ( Fig. 3C , P = 0.668, two-way ANOVA test). We also tested the overexpression of MTAP in the 17 884 cell line, which had low MTAP expression (Fig. 3A,B) . In this case, we observed significant resistance at low concentrations of 6-TG (P = 0.03 at 0.01 lM and 0.005 at 0.1 lM), but this was reversed at high 6-TG concentrations (Fig. 3D) . Therefore, we concluded that 6-TG overexpression does not consistently confer resistance to 6-TG. This result was also confirmed in Panc1 cells ( Fig. 3E , P = 0.771, two-way ANOVA test). We therefore searched for another possible mechanism underlying 6-TG resistance and focused on TPMT. A defect or decreased level of this enzyme results in decreased methylation of a thiopurine drug, which increases its toxicity (Krynetski and Evans, 2003) . Western blot and real-time PCR analysis showed high TPMT expression in HPDE and Panc1 cell lines, both of which had high IC 50 values toward 6-TG (Fig. 3A,B, Fig. S7 , Table S2 ). Consistently, we found overexpression of TPMT conferred resistance to 6-TG-induced toxicity (Fig. 3F) . Moreover, a knockdown of TPMT in both TPMT-high HPDE and Panc1 cells sensitized them to 6-TG, at 0.1-10 lM for HPDE and 1-100 lM for Panc1 cells, respectively (Fig. 3G,  H) . These results collectively suggested that the TPMT expression level affects efficacy of 6-TG against cancer cells.
6-TG inhibits the BRAF-MEK-ERK pathway and induces apoptotic cell death in a cancer cellspecific manner
As we confirmed that 6-TG inhibits PDAC cell proliferation, we next examined the molecular alterations specifically triggered by 6-TG in cancer cells. Because 6-TG has been shown to regulate GTPase activity (de Boer et al., 2007) , we analyzed the effect of 6-TG on the RAS-RAF-MAP Kinase pathway that is frequently activated in PDAC. The results in Fig. 4A indicate that the phosphorylated (activated) levels of BRAF, MEK, and ERK were decreased in primary PDAC cell line 36 473 by the 6-TG treatment (left panels), whereas HPDE cells were not affected (right panels). In addition, we observed a reduced level of full-length Caspase 7 as well as increased PARP cleavage in the 36 473 cells but not in the HPDE, suggesting that 6-TG triggers apoptosis in a cancer cell-specific manner. We confirmed the apoptotic effect of 6TG by annexin V/PI staining, showing the 6TG treatment induced increased apoptosis compared with the control cells (Fig. 4B,C) .
3.7. 6-TG has an antitumor effect in combination with gemcitabine in a patient-derived xenograft model
To validate the antitumor effect of 6-TG in vivo, we introduced a patient-derived xenograft model of PDAC (Jung et al., 2016) . Previously characterized 19 224 patient-derived xenograft (PDX) cells lack P53 expression and express SMAD4 weakly, but showed high phospho (p)-ERK and p-AKT levels. We selected this PDX because the matching PDAC cells (19 224) showed a good response to 6-TG, and TPMT expression was relatively low (Fig. 3A,B) . In addition to 6-TG monotherapy, a combination of 6-TG with gemcitabine was tested, based on the in vitro data in PDAC cells (Fig. S8) . Tumor volume data presented in Fig. 5A indicated that 6-TG treatment alone (marked as blue rectangles) showed significantly suppressed but stationary tumor growth (Fig. 5B , see Discussion). In contrast, gemcitabine, a common chemotherapeutic agent for PDAC, manifested a tumor cell-killing effect (Fig. 5A , marked as green triangles and B for statistical value). Importantly, when 6-TG was used in combination with gemcitabine, we observed a significantly reduced tumor growth compared with 6-TG alone (red circles, P < 0.005). The tumor volume at the final time point supported this finding (Fig. 5C ). Based on the result showing antitumor effect of 6-TG in TPMT-low PDAC, we then analyzed TCGA data to estimate the expression level of TPMT in PDAC compared with various types of cancer. We also questioned how large a portion of PDAC is TPMT-low. The results are shown in Fig. 5D ,E. Among 12 cancer types analyzed, PDAC was 9th, suggesting the 6-TG can be relatively effective in PDAC.
Indeed, Fig. 5E shows 71.1% of the PDAC has a TPMT level lower than the TCGA average. If we apply a more stringent cutoff, then we see that 12.2% of PDAC shows a TPMT level less than 50% of the TCGA average. We speculate that these populations could represent a beneficial group using the 6-TG treatment. Altogether, these data suggested that 6-TG is an effective antitumor agent in combination with gemcitabine in vivo, for the tumors with low expression of TPMT.
Discussion
6-TG was initially reported in 1955 (Garattini and Mussini, 1955) and is currently used against inflammatory bowel disease (Mantzaris, 2017) as well as several lymphoid tumors such as AML, ALL, and CML (Karran and Attard, 2008) . Once 6-TG enters the cell, it is converted to 6-thioguanine nucleotide (6-TN), which is toxic (Ishiguro et al., 1984) . Its toxicity is mainly caused by the incorporation of 6-TN into DNA during the S phase of the cell cycle (Lennard et al., 1989) , thereby indicating its effectiveness in cancer. Alternatively, it can inactivate a GTP-binding protein such as Rac1 (Tiede et al., 2003) . Considering that PDAC is associated with a frequent KRas activating mutation, further research is needed to clarify whether 6-TG can inhibit mutant KRas signaling.
Previously, a phase II clinical trial of 6-TG involving 32 PDAC patients was reported, but it showed no significant therapeutic effect (Ajani et al., 1991) . We speculate that this is mainly due to the desmoplastic microenvironment of PDAC, which usually interferes with drug delivery into cancer cells (Erkan, 2013; Lunardi et al., 2014) . When we tested mouse stromal content in PDX model using PTGER2 primer (Alcoser et al., 2011) , we found that it represented 10-15% of mouse cells (Fig. S9) . Consequently, we found 6-TG treatment alone in the PDX model did not show tumor regression (Fig. 5A, blue line) , whereas in vitro testing showed an efficient cytotoxic effect (Fig. 2D) . Therefore, along with the identification of a therapeutic agent in PDAC, there is an urgent need for an effective delivery method. In this regard, recent approaches including nanoparticles, enzymatic treatment, and combination with stellate cell targeting agent deserve further attention (Wang et al., 2017) . In our study, we found TPMT expression to be lower in cancer cells than in normal HPDE cells. By far, the regulatory mechanism of TPMT expression is not clearly understood. In 1997, Krynetski et al. isolated the TPMT gene promoter, finding 71% GC content without a TATA box or CCAAT elements. By contrast, polymorphism of the TPMT gene has been characterized extensively because it determines patient adverse effects due to toxicity caused by the loss of functional TPMT variants (Tamm et al., 2017) . The regulation of TPMT expression by transcription factors and/or epigenetic modification will aid researchers to apply 6-TG precisely to a subgroup of PDAC patients.
During the screening of the natural product library, we found that each of the candidate compounds had a high cytotoxicity. In our primary hit list (Table 1) , we found that thymoquinone was reported previously as an anti-PDAC agent (Relles et al., 2016) . In contrast, our subsequent experiment ( Fig. S5 and 5C8 ) showed that this compound kills HPDE cells better than cancer cells. Some studies also identified diindolylmethane as a candidate agent for PDAC (Li et al., 2013) , but it was not effective in our study. We can speculate that the physiological (as present in its natural source) level of each natural compound is much lower than what we tested, and furthermore, its effect may be stronger in combination with multiple ingredients of other natural products.
Conclusions
Our results presented here strongly suggest that 6-TG is a PDAC cell-specific antitumor agent. Further study including modification for better efficacy and the development of an efficient delivery method will facilitate the application of this drug in clinical practice.
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